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Abstract
In this paper the experimental data for a blind test performed in collaboration between NOWITECH and NOR-
COWE is presented. The purpose of the test was to compare measurements of a wind turbine wake to a variety of
numerical techniques applied on the same geometry and flow conditions. The experiments were conducted in the con-
trolled conditions of a wind tunnel. Hot wire anemometry has been applied to obtain data describing the highly turbulent
flow. Data were obtained for TSR = 3, 6 and 9 for X/D = 1, 3 and 5.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
Planning of wind parks is no longer done using simple kinematic models. Full CFD calculations of
the flow field is becoming more and more common. An example is the Danish wind turbine manufacturer
Vestas which has started using an LES code with an actuator line implementation of the blades for flow
predictions in wind farms. To keep the computational costs at a reasonable level simplifications need to
be made, both with respect to grid resolution and the subgrid turbulence model. NOWITECH WP1 aims
at developing integrated numerical tools for characterization and interaction of wind, wave and current. A
better understanding of the processes which causes a wake to develop in a specific manner is in this context
seen as an important topic.
The NOWITECH/NORCOWE blindtest is a very concrete example of this kind of work. Anyone inter-
ested in participating was invited to give a numerical prediction of the results for a well defined experimental
setup. The setup consisted of a model turbine located in a closed loop wind tunnel at NTNU. This model has
been tested extensivly, especially with regards to performance, the results have been reported by Krogstad
and Adaramola [1], Krogstad and Lund [2] and Adaramola and Krogstad [3]. An experimental campaign
set to reveal some of the turbulent characteristics of the wake have been undertaken prior to the workshop
to complement the already well known performance charateristics of the turbine. The data available for
comparison with numerical results comprises CP and CT curves for a range of tip speed ratios, and profiles
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Fig. 1. Model turbine positioned inside windtunnel
of the mean velocity and the turbulent kinetic energy, k, at x/D = 1, 3 and 5 for λ = 3, 6 and 10. This covers
regions of both the near and far wake, as well as three diﬀerent operating conditions for the turbine.
A total of 8 diﬀerent numerical predictions were handed in. The comparison of the results were con-
ducted in October 2011, and the results will be published as soon as possible. This paper focuses on the
wake measurements conducted for the blindtest and will not comment on the outcome of the comparison.
2. Experimental setup
For those interested in the exact layout of the experiment, they are referred to [4] which contains all the
information given to the participants prior to the blind test. A short summary of the layout is given in the
following.
The model turbine used has a diameter of 0.894 m and is designed for λR = 6, where CP,max ≈ 46%. The
blades have a non-uniform twist and chordlenght distribution, and is designed with a NREL S826 profile.
The rotor centre is positioned 0.817 m above the ground. At λR = 6, the Reynolds number, Re = cωR/μ =
105. A diameter of approximatly 90 cm may be seen as small compared to some experiments conducted,
but in general the size of the rotor is quite large compared to many other rotors used for wake investigations.
Medici et al. [5] used a rotor with a diameter of 18 cm, Chamorro et al. [6] used a 15 cm rotor. There is of
course good examples of wake investigations with larger size rotors as well, such as the MEXICO project
[7], but in many of these cases it is only possible to investigate the near wake.
The experiments where conducted in a closed loop wind tunnel, with a 2.7 m wide, 1.80 m tall and
11.15 m long testsection. To keep the testcase clean, a uniform inlet velocity and a turbulence level less than
0.3% was chosen. The freestream velocity was 10m/s. To not interfere with the inlet flow the turbine was
positioned just over 4 diameters downstream of the enterance in accordance with the findings of Medici et
al. [8]. This left 8 diameter downstream, but the region available for experiments was limited to 5 diameters
by the size of the traverse system installed in the wind tunnel.
Constant temperature hot-wire anemometry (CTA) has been used to measure the turbulent velocity field.
To obtain the radial and tangential velocity components a cross wire probe has been used. To obtain the third
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velocity component the probe was rotated 90 deg about its own axis. This approach neglects the binormal
cooling of the two wires. All stresses except urut can be obtained with this approach. Two diﬀerent probes
have been used for this experiment, one 2.5μm with a frequency response of 14 kHz and a 5μm with a
frequency response of 6 kHz. The sampling time has been set to 60 seconds.Measurements were taken as
vertical and horisontal traverses of the wake with the hub axis as the centre. Only measurements along
the horisontal diagonal will be reported in this paper. Due to lack of time complete profiles were not
taken for all stations. A set of LDA measurements were also taken at x/D = 1 to validate the cross-wire
measurements.Comparison with LDA measurements have proven the error of neglecting binormal cooling
to be small. The LDA system used was a two channel DANTEC system.
3. Results
3.1. Mean velocity defect
The loading on a turbine blade varies significantly with changing tip speed ratios. This will in turn also
influence the initial wake condition. Figure 2 shows the velocity defect in the wake of the turbine for the
diﬀerent tip speed ratios investigated. At the designpoint, λR = 6, the load distribution over the blade is
designed to be approximatly uniform. A uniform loading should result in a uniform wake, giving a top hat
profile. While the profile for λR = 6 and x/D = 1 in figure 2(b) is not a prefect top hat it is much more so
than comparable profiles for λR = 3 and 10 at x/D = 1. For λR = 3 previous CFD investigations by Krogstad
and Lund [2] has shown that the inner parts of the blade is stalling. This reduces the bound circulation on
the blade and thus the loading at the tip, resulting in a smaller velocity defect which can be seen in 2(a).
For λR = 10 the turbine is rotaing very fast, giving very small angles of attack on the outer sections of the
blade. For the inner part of the blade, Krogstad and Lund [2] found that the axial loading and the angle of
attack becomes negative. This means that the blade is in this region operating as a propeller, this gives a
close to zero velocity defect at x/D = 1. Close to the tip region the obstruction of the wind by the blades
is very high, and the velocity defect is thus also high. As the wake move downstream the defect profiles
develop towards self similar velocity profiles. The profile for λR = 3 is developing at a slower rate than the
two others, indicating that the redistribution of momentum is less eﬀective. This is in part due to the weak
velocity gradient in the flow compared to that for higher tip speed ratios. In section 3.2 it is also shown that
the ip vortices for λR = 3 are weaker, this will also make the turbulent mixing less eﬀective.
For λ = 6 at x/D = 1 the profile shows a very distinct asymmetric peak around y/D = 0.3. This low
velocity region has been found to be the wake of the turbine tower which have been convected by the induced
angular velocity. The tower wake will not ”rotate” about the hubaxis as a blade, this is due to the fact that
the angular velocity is highest close to hub and decreases as one approaches the freestream. This results in
the tower wake to be shifted almost parallel to its origin as seen from downstream. A grid measurement with
LDA in the region where the tower wake was expected to have moved to confirmed this assumption. The
contour plot in figure 3 shows the tower wake quite clearly. At x/D = 3 the asymmetri has changed side, it
is belived that this is the same tower wake which has convected along with the tangential velocity field to
the other side of the hub. For λR = 10 at x/D = 1 no clear asymmetri can be seen. This can be explained by
pointing out that the angular velocities are reduced at higher values of λR, thus the wake has not been able
to convect as far as for λR = 6. The lower tangential velocity has been measured, but it can also be argued
for by looking at the torque on the rotor. As the tip speed ratio is increased the torque on the rotor will drop,
thus the angular momentum transfered to the wake must also be smaller.
From the plots of the velocity defect it is also evident that the wake width increases as λR increases.
This is of course due to the increased thrust coeﬃcient CT . Another eﬀect of increased CT in a finite size
wind tunnel is speed up close to the wall. Ideally there should not be any speed up eﬀect. For validation
against numerical codes this is not an important issue given that the testsection of the tunnel is used as the
flow domain in the simulation.
In figure 2(b) it can also be observed that the validation measurements with LDA fit the cross wire
measurements quite well, there is however a deviation in the free stream region which must be investigated
further.
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Fig. 2. Horisontal profiles of the velocity defect, 1 − U/U∞
3.2. Turbulent kinetic energy
As the mean velocity field is highly dependent on λR, so is also the distribution of the turbulent kinetic
energy, k = 12 (ux2 + ur2 + uθ2). Figure 4 gives k for all three values of λR at all stations. For λR = 6 most of
the bound circulation is shed at the tip of the blades. This produces three very strong tip vortices which in
turn gives very high levels of k just outside the tip at y/R ≈ 1.15. For a stalled blade much of the circulation
is shed at the inner regions of the blade, as is the case for λR = 3. In figure 4(a) this eﬀect is seen quite
clearly. There is a small tip vortex formed but it is much smaller than that seen for λR = 6 resulting in
a lower turbulence level. The stalled rotor produces higher levels of turbulent kinetic energy in the inner
region than that seen for λR = 6.
At λR = 10 the inner part of the rotor is partly operating as a propeller. This should reduce the strenght
of the root vortex but also leads to a higher velocity shear on the nacelle. In total the eﬀect seems to be that
the level of turbulent kinetic energy increases at the hub axis for x/D = 1 relative to the level for λR = 6.
The turbulent kinetic energy for λR = 10 just outside the tip at x/D = 1 is also slightly higher than that for
λR = 6. This peak is also broader, this is due to high velocity shear in the interior of the wake. If the level
of turbulent kinetic energy was integrated across the wake it would be highest for λR = 10, this is due to the
increased velocity shear on the blades at high rotational speeds.
3.3. Turbulent normal stresses
By examining the distribution of the normal stresses, ux2, ur2 and uθ2 plotted in figure 5 the level of
isotropy in the wake can be determined. At λR = 6 for x/D = 1 it can be seen very clearly that the tip
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Fig. 3. Contour plot of axial velocity at x/D = 1
vortex region is highly anisotropic. The radial normal stress ur2 is the dominant stress, while the tangential
normal stress uθ2 is the smallest. Why it must be so can be argued for by taking a closer look at the tip
vortex. Figure 6 shows an idealized tip vortex in two positions, one vertical, the other slightly tilted. The
tilted vortex is basically the same case that you would see if you stood beside the wake and watched the tip
vortex convect downstream. The tilt angle will depend on the rotational speed of the turbine as well as the
convective velocity. Lets start by looking at the vertical vortex. Assume the probe we measure with pass
through the centre of the vortex, the core of the vortex is not moving in the radial direction, as it convects
downstream. Then the only non-zero normal stress would be the radial one. Of course the vortex is not
perfectly stable, the centre will fluctuate back and forth in the radial direction. This will result in a non-zero
axial normal stress, which will be smaller or equal in magnitude to the radial stress. Still the tangential
normal stress is zero, but if the vortex is tilted this will change. The axial normal stress will be reduced and
the tangential normal stress will be non-zero, but significantly smaller than the axial normal stress. Thus
it is demonstrated that ur2 must be largest, ux2 will be second largest while uθ2 will be smallest, which is
consistent with the experimental results. Of course the above discussion only takes into account the time
window where the vortex is passing, nothing is said about the flow conditions between the passing of two
vortices. But it is likely that the flow can be considered somewhat intermittent, i.e. the tip vortices carries
the major part of the turbulent energy.
Figure 5(b) clearly show that the turbulence becomes nearly isotropic in the far wake. This should
suggest that a numerical simulation based on an assumption of isotropy is not that well suited in the near
wake region, but becomes more appropriate in the far wake. For λR = 3 the flow on the blade is separated,
at x/D = 1 the normal stress distribution is relativly isotropic for large portions of the profile.
4. Conclusion
The results presented cover three quite diﬀerent modes of operation for a turbine, ranging from stalled
to design to high thrust. It has been shown that the near wake depends very much on the mode of operation.
The inner region of the blade is stalled for low rotational speeds, as is the case for λR = 3. Here the velocity
defect is low, i.e. the thrust force acting on the turbine is low. As the blade circulation has been shed in
the inner region of the blade, the tip vortices are not very strong. At the design point, λR = 6, the wake
is characterised by something closer to a top hat profile, and very distinct peaks of high turbulent kinetic
energy separating the freestream from the wake. Similar peaks can be found for λR = 10, they are however
broader as the inner region of the wake experiences very high mean flow shear. The tip region has been
found to be a highly anisotropic in the near wake, but develops towards isotropic conditions in the far wake.
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Fig. 4. Horisontal profiles of the turbulent kinetic energy, k = 12 (ux2 + ur2 + uθ2)
This data set should along with a detailed description of the experiment provide an attractive case for
validating numerical codes. In addition to the results presented here a lot of information is available in [1],[2]
and [3]. The investigations of this turbine wake has only just started and more results can be expected in the
near future.
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Fig. 5. Horisontal profiles of the turbulent normal stresses
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Fig. 6. Tip vortices seen from the side, moving from left to right on the paper
